␥-Aminobutyric acid (GABA) type A receptors mediate fast inhibitory synaptic transmission and have been implicated in responses to sedative͞hypnotic agents (including neuroactive steroids), anxiety, and learning and memory. Using gene targeting technology, we generated a strain of mice deficient in the ␦ subunit of the GABA type A receptors. In vivo testing of various behavioral responses revealed a strikingly selective attenuation of responses to neuroactive steroids, but not to other modulatory drugs. Electrophysiological recordings from hippocampal slices revealed a significantly faster miniature inhibitory postsynaptic current decay time in null mice, with no change in miniature inhibitory postsynaptic current amplitude or frequency. Learning and memory assessed with fear conditioning were normal. These results begin to illuminate the novel contributions of the ␦ subunit to GABA pharmacology and sedative͞hypnotic responses and behavior and provide insights into the physiology of neurosteroids.
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I
nhibitory ion currents in the vertebrate central nervous system primarily are carried by Cl Ϫ ions conducted via ␥-aminobutyric acid type A receptors (GABA A -Rs). These ligand-gated receptors are believed to be pentamers, with subunits selected from (at least) 15 possible variants (␣ [1] [2] [3] [4] [5] [6] , ␤ 1-4 , ␥ 1-3 , ␦, and ) (1). GABA A -Rs are modulated by many drugs, including ethanol, benzodiazepines, various anesthetics, and neuroactive steroids (2) (3) (4) (5) . Specific roles for various GABA A -R subunits in mediating anesthetic responses are beginning to be elucidated (6) (7) (8) (9) . Additionally, GABA A -Rs have been shown to be involved in epilepsy (4, 10, 11) , various behavioral states such as depression and anxiety (12) , and learning and memory (11, 13) .
Several studies have shown that the ␦ subunit participates in GABA A -Rs that exhibit a unique pharmacology. Such receptor isoforms are benzodiazepine-insensitive (14) , neuroactive steroid-insensitive (15) , and Zn 2ϩ -sensitive (16) . Nearly 30% of cerebellar GABA A -Rs appear to contain the ␦ subunit; levels of ␦ mRNA are highest in the cerebellar granule cells, secondarily in hippocampus and thalamus (17, 18) .
Neuroactive steroids are naturally occurring metabolites of endogenous steroid hormones, or synthetic analogs, which exert ver y rapid, nongenomic effects on membrane-bound GABA A -Rs (19, 20) . Those synthesized in the brain, termed neurosteroids, are believed to regulate anxiety, stress, and neuronal excitability by modulating GABA A -R function in vivo (5, 21) . Examples include metabolites of progesterone and corticosterone that enhance GABA inhibition and pregnenolone (3␣-hydroxy-5␤-pregnan-20-one) sulfate that inhibits GABA action (13, (19) (20) (21) . The synthetic analog alphaxalone (3␣-hydroxy-5␣-pregnan-11,20-dione) enhances GABA A -R function and has been used clinically as an i.v. anesthetic. The chemical analog ganaxalone (3␣-hydroxy-3␤-methyl-5␣-pregnan-20-one) was developed for improved bioavailability and potential anxiolytic and anticonvulsant activity (22) .
To investigate the contribution of ␦-containing GABA A -R isoforms to behavior and various drug responses, we used gene targeting in embryonic stem (ES) cells to create a strain of mice lacking a functional ␦-subunit gene. Here we report the characterization of the ␦ knockout mice.
Materials and Methods
Generation of Mutant Mice. A 9.5-kb PstI restriction fragment was isolated from a strain 129͞SvJ P1 phage library (Genome Systems, St. Louis) with ␦-specific primers from exon 2 (5Ј-CAGGGCA ATGA ATGACAT TG-3Ј) and exon 3 (5Ј-CAAGCGCCACATTCACAG-3Ј). A replacement-type DNA targeting vector was constructed in which the MC1Neo gene (Stratagene) was blunt-end ligated into a blunted HindIII site in exon 4 (Fig. 1A) . The targeting vector was linearized with ClaI before electroporation into R1 ES cells (23) . G418-resistant ES cell clones were screened for targeting by Southern blot analysis of BamHI-digested genomic DNA hybridized with a 3Ј probe (probe D) (Fig. 1 A) .
Three correctly targeted ES cell lines were microinjected into C57BL͞6J blastocysts, two of which produced chimeric mice. Highly chimeric males were mated to C57BL͞6J females (The Jackson Laboratory). Agouti offspring that were heterozygous for the targeted allele (␦ ϩ/Ϫ ) were interbred to produce mice that were wild type (␦ ϩ/ϩ ), ␦ ϩ/Ϫ , and homozygous null (␦ Ϫ/Ϫ ). The mice used for the studies reported here were derived primarily from the ␦#767 ES cell line. A more limited analysis of the ␦#773 ES cell line yielded similar results. The genetic background of all mice was C57BL͞6J X strain 129Sv͞SvJ, F 2 -F 5 generation.
Northern Blot Analysis. Total RNA was isolated from adult mouse brain by using Trizol reagent (Life Technologies, Grand Island, NY). Approximately 10 g of total RNA was electrophoresed in a 1.9% formaldehyde͞1% agarose gel, blotted to Hybond-N (Amersham Pharmacia) and hybridized as described (24) . After the membrane was hydridized with probe D, it was rehybridized with a human ␤-actin cDNA probe (CLONTECH) as a control for RNA loading in each lane.
Western Blot Analysis. Antibody production, gel electrophoresis, and blotting were performed as in ref. 25 . Briefly, the ␦(1-44)R5 polyclonal antibody (26) was prepared by immunizing rabbits with a maltose binding protein-␦(1-44)-7His fusion protein and purifying by affinity chromatography. The antibody is specific for the ␦ subunit and does not precipitate ␣1␤3␥2 receptors (26) . Equal amounts of cerebellar membrane proteins were subject to SDS͞PAGE and immunoblotted onto poly(vinylidene difluoride) membranes. Membranes were incubated with digoxigeninlabeled antibodies and treated with anti-digoxigenin-alkaline phosphatase Fab fragments (Boehringer Mannheim). Proteins were detected by fluorescence using the CSPD substrate (Tropix, Bedford, MA). Blots were exposed to Kodak X-Omat S film and recorded with a DocuGel 2000i gel system using RF LPSCAN software (MWG Biotec, Ebersberg, Germany). Sleep times were determined as follows: after drug injection and loss of the righting reflex, mice were placed on their backs in a V-shaped trough and a timer was started. The sleep time period ended when the animal was able to flip over six times in 45 sec (neuroactive steroids) or three times in 30 sec (all other drugs). Normothermia was maintained with the aid of a heat lamp. All assays were performed by an investigator who was unaware of the genotypes of the individual mice being tested. Effect of genotype was compared by Student's t test.
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Loss of Righting Reflex (LORR) and Tail-Clamp͞Withdrawal Assay.
LORR and tail-clamp͞withdrawal using volatile anesthetics were performed as described (7) . Briefly, mice were placed in small, cylindrical wire-mesh cages attached to a carousel housed in a sealed Plexiglas box. Anesthetics diluted with oxygen were delivered from an anesthetic-specific vaporizer. After 15-min equilibration at each concentration, the carousel was rotated five times while the mice were observed. Scoring was quantal; mice that passively rolled over twice were scored as positive for LORR. For tail-clamp, the carousel was removed and a 10-compartment divider was installed. After a 15-min exposure to each concentration of anesthetic, a tail-clamp stimulus was given. If any motor activity occurred as a result of the stimulus, the concentration was scored as one that permitted a positive response.
Elevated Plus-Maze Test. The anxiolytic effect of the synthetic neuroactive steroid ganaxolone (CoCensys, Irvine, CA) was tested by using the elevated plus-maze. The plus-maze was constructed as described (29) . A stock solution of ganaxolone was made in DMSO and diluted with saline (pH 7.1) before systemic administration. The final concentration of DMSO was 0.1%, a concentration known not to interfere with GABA A -R function (30) . Ganaxolone (10 mg͞kg, i.p.) or an equal volume of saline was injected 10 min before testing (n ϭ 9͞group). To start the 5-min test session, a mouse was placed on the central platform of the maze, facing an open arm. Open-arm and closed-arm entries and the cumulative time spent on the open and closed arms was recorded. A mouse was considered to be on the central platform when all four paws were within its perimeter. The ratio of open͞total arm entries (% open-arm entries) was calculated and expressed as mean % open-arm entries Ϯ SEM. Data were analyzed by using one-way ANOVA, and ganaxolone-treated group means were compared with their respective saline-treated controls by using Bonferroni's post-hoc test. Pavlovian Fear Conditioning. Associative memory was examined with context and tone-dependent fear conditioning (31, 32) . Briefly, a tone conditional stimulus was paired with an aversive unconditional foot shock stimulus in a novel context. Mice trained in this manner develop a fear of both tone and context, which was measured as freezing, an adaptive defense reaction. One day after conditioning, mice were returned to the training context for an 8-min context test. One day after the context test, mice were placed in a novel context for an 8-min tone fear test. After a 2-min baseline period, the training tone was played for 6 min. Freezing (% time Ϯ SEM) was scored continuously during both tests. To assess exploratory activity, crossovers were scored during the 3-min period before tone-shock pairing on the conditioning day. To assess pain sensitivity, velocity was computer-tracked for 2 sec immediately before and for 2 sec during the first foot shock (33) . Consolidation and retention of contextual fear was examined by repeating the context test 50 days after training.
Results
Production of Mice. Of 307 ES cell clones analyzed for gene targeting, three displayed the predicted BamHI restriction fragment length polymorphism indicative of correct gene targeting at the ␦ locus. Two cell lines (␦#767 and ␦#773) yielded germ-line competent chimeric males. As indicated in Fig. 1B , probe D hybridized to a 6.6-kb BamHI fragment from the wild-type ␦ gene and a 7.7-kb BamHI fragment from the targeted allele. The ␦ locus was examined with 12 restriction enzymes, three unique genomic probes, and a neo probe. All results (data not shown) were consistent with the targeting event depicted in Fig. 1 A.
Northern and Western blots were used to examine ␦ gene expression. Hybridization of adult cerebellar total RNA with probe D showed an abundant 1.9-kb band in the ␦ ϩ/ϩ mice. In contrast, samples from ␦ Ϫ/Ϫ mice revealed the absence of the wild-type 1.9-kb mRNA (Fig. 1C) . In addition, in mice bearing a targeted allele, a novel 2.3-kb band was observed. Rehybridization of the same blot with a neo probe revealed that only the 2.3-kb message from ␦ The size, histological appearance, and folding of the folia in the cerebellum all appeared normal and indistinguishable between ␦ ϩ/ϩ and ␦ Ϫ/Ϫ mice, as did the staining patterns of toluidine blue, RT97, and antisynaptophysin (data not shown).
Of 1,030 F 2 and F 5 pups genotyped at weaning from heterozygote mating pairs, only 211 (20.5%) were null. This percent of null pups is significantly below the expected Mendelian frequency distribution of 25% (P Ͻ 0.005). Thus it appears that Ϸ5% of ␦ Ϫ/Ϫ pups die before weaning. To determine whether the ␦ knockout had any effect on fecundity, true breeding F 3 lines were established. These breeding experiments revealed that ␦ Using in situ autoradiography to examine the abundance and distribution of GABA and benzodiazepine sites, it was observed that [ (Fig. 2) . In contrast, the [ (Table 3) .
A trivial explanation for the change in neuroactive steroid response could be an unexpected pharmacokinetic effect. To investigate this possibility, pregnanolone concentration in brain tissue was determined (35) , 394 Ϯ 118 pg͞g (n ϭ 3). These preliminary results indicate no gross differences between genotypes in neuroactive steroid pharmacokinetics or endogenous levels.
A second explanation for the difference in sleep times is that they result from the influence of genetic background. Therefore, the two strains used to make the ␦ Ϫ/Ϫ mice, C57BL͞6J and strain 129͞SvJ mice, were tested with alphaxalone (16 mg͞kg) and pregnanolone (16 mg͞kg). Sleep times were not statistically different between strains for either compound: alphaxalone, C57BL͞6J (8.1 Ϯ 1.3 min., n ϭ 10) and strain 129͞SvJ (9.1 Ϯ 2.7 min., n ϭ 10) (P ϭ 0.34) and pregnanolone, C57BL͞6J (38.4 Ϯ is the time from 90% to 37% of decay phase of mIPSC. *P Ͻ 0.05. * , P Ͻ 0.02; †, P Ͻ 0.01; ‡, P Ͻ 0.002.
3.5 min., n ϭ 9) and strain 129͞SvJ (43.8 Ϯ 1.6 min., n ϭ 10) (P ϭ 0.16). Thus, the phenotype observed in the ␦ Ϫ/Ϫ mice is not likely caused by genetic background effects from the parental strains. (Table 4) . Similar results were obtained in our analyses of the ␦#773 mice (data not shown).
Normal Fear Conditioning, Exploratory Activity, and Pain Sensitivity. 
Discussion
The absence of the ␦ subunit of the GABA A -R resulted in a significant decrease in the sensitivity to neuroactive steroids. The duration of alphaxalone͞pregnanolone anesthesia and the anxiolytic effect and pro-absence seizure effect of ganaxolone all were reduced͞ablated. The reduced response of ␦ Ϫ/Ϫ mice to neuroactive steroids reveals a potential role of ␦-containing GABA A -Rs in modulating behavioral responses to endogenous neuroactive steroids. This dramatic reduction in whole animal neuroactive steroid sensitivity was specific, as deletion of ␦ had no effect on response to several other sedative͞hypnotic agents in the sleep time assay or on the LORR or tail clamp͞withdrawal response after exposure to volatile anesthetics. The observed difference does not appear to be confounded by pharmacokinetic or genetic background influences. These results show an animal model that demonstrates a selective alteration in behavioral responses to neuroactive steroids. If responses to endogenous neuroactive steroids are similarly attenuated, these mice will be invaluable for elucidating the physiological mechanisms of these enigmatic compounds. These results support the findings that neuroactive steroids have unique, noninteracting binding requirements on GABA A -Rs distinct from those of benzodiazepines and barbiturates (19, 21) . Additionally, the differential behavioral response to sedative͞hypnotic agents indicates that different drugs have different molecular targets as suggested by Eger et al. (38) and illustrated by the GABA A -R ␤3 knockout (9) . It remains to be determined whether ␦ subunit-containing GABA A -Rs represent actual targets of steroid action or whether the behavioral sensitivity is indirectly altered in the ␦ Ϫ/Ϫ mice. Although these results (i.e., reduced behavioral response to neuroactive steroids in ␦ Ϫ/Ϫ mice) may appear at odds to those with Zhu et al. (15) (i.e., enhanced sensitivity to neuroactive steroids by GABA A -Rs lacking ␦), one must keep in mind that in vivo behavioral changes may not necessarily be directly related to in vitro findings using recombinant receptors, because of the complexity of the nervous system, the circuits involved, pleiotropic changes in a chronic model (lifetime null mutation), etc. Detailed in vitro studies will be needed to analyze the possible mechanism(s) responsible for the altered neuroactive steroid sensitivity. One possibility would be that the GABA A -Rs remaining in ␦ Ϫ/Ϫ mice have reduced sensitivity to neuroactive steroids.
The dentate gyrus granule cell electrophysiology (chosen because it is one of three major cell types that express ␦) suggests that there is no drastic reduction in synaptic inhibition in these cells because of the lack of decrease in mIPSC amplitude and frequency. Rather, there may be a change in the molecular composition of the GABA A -Rs involved. The observed faster decay of mIPSCs is consistent with such a possibility. The electrophysiological data also suggest ␦-subunit involvement in normal synaptic transmission in the dentate gyrus.
Analysis of the expected Mendelian ratio of pups and the fecundity of wild-type versus null breeding pairs indicated that deletion of the ␦ subunit impacted reproduction: litters from ␦ ϩ/Ϫ parents had fewer than the expected number of null pups and ␦ Ϫ/Ϫ parents had fewer pups per litter than ␦ ϩ/ϩ parents. The reduced sensitivity to neuroactive steroids may affect multiple aspects of reproduction and development, an intriguing possibility that warrants further investigation.
In conclusion, we have shown that a global deletion of the ␦ subunit of the GABA A -R resulted in a decrease in the sensitivity of mice to the sedative͞hypnotic, anxiolytic, and pro-absence effects of neuroactive steroids, and this change was remarkably specific. Together, these results reveal a central involvement of ␦-containing GABA A -Rs in neuroactive steroid action in multiple behavioral modalities.
